Abstract-This paper presents an optimal design method for a new robot called amphibious transformable robot which can not only perform reconfiguration but also implement tasks in amphibious environment. To satisfy a range of performance requirements for the robot in aquatic and terrestrial environments, the multi-objective optimization method is adopted to design the robot which can achieve the optimal comprehensive performance in the amphibious environment. Based on the kinematics and dynamic analysis of the robot, the multi-objective optimization problem of the mechanism parameters design is established on the mapping relationships between the performance indexes, and then Multi-Objective Genetic Algorithm is proposed to get Pareto solution. Based on combination weighting method of multi-attribute decision-making, the result can be extracted and used to direct the mechanism design of the amphibious transformable robot, Amoeba-II. The experiment for the maneuverability of Amoeba-II in the amphibious environment is performed to verify the validity and applicability of the mechanism-parameters design method of amphibious transformable robot based on Multi-Objective Genetic Algorithm.
I. INTRODUCTION
ith the capacity of implementing tasks in amphibious environment, amphibious robots have been used for terrestrial and aquatic purpose. More and more efforts have been taken on the development of the amphibious robots. As one of development of stages of Whegs TM robots, Whegs TM IV eventually yields an autonomous amphibious platform which can take function "in the shallow water surf zone for a wide range of military and civilian operation [1] ." Amphibot, an amphibious snake-like robot, can swim in an anguilliform fashion or moves along the ground in a "lateral adulatory locomotion like a snake" [2] . AQUA, an underwater walking robot is able to "navigate and map clear shallow water environments" both by swimming and walking [3, 4] . A "Surf Zone Crawler" was propelled through the use of tracks, unlike other amphibious robots [5] .
In general, most of amphibious robots can only adopt the same impelling mode in the terrestrial and aquatic environment, which may cause the poor mobility and efficiency of these robots. To extend the application range of amphibious robots, it is necessary to take efforts on developing an amphibious robot which can be impelled by different dominance propulsion modes in the water and on the land. Based on the analysis of the mobile performances of terrestrial mobile robots and the amphibious robots, an amphibious transformable robot, Amoeba-II, is proposed in this paper. Amoeba-II is propelled through tracks in the terrestrial environment and swims by the rhythmic swing motion of the rear part of the robot. Furthermore, the robots can reconfigure between the linear configuration and parallel configuration, which can enhance the obstacle-crossing performance and traffic-ability in the narrow space.
The performances of a robot can be influenced by many factors, and the most important one of them is the mechanism design of the robot. As an amphibious robot, Amoeba-II is designed to perform a high maneuverability in the amphibious environments. However, the performances in different environments are hybrid together by the mechanism parameters. Therefore, it is more effective to get the optimal synthesized performance for the robot in amphibious environments, and it turns out to be a multi-objective optimization problem.
By the simulation of biological evolution and the population optimal way, Multi-Objective Genetic Algorithm (MOGA) [6] can produce a large number of non-dominated solutions and search for an approximate Pareto solution set [7] . NSGA-II [8] (The second generation of non-dominated sorting genetic algorithm) is an improved algorithm of MOGA, by using of the fast non-dominated sorting mechanism with the complexity of O(MN 2 ) (where M is the number of optimization objectives, N is population size). NSGA-II can obtain the Pareto optimal front with a good distribution [9, 10] , and we adopt NSGA-II as the solving methods for the multi-objective optimization problem in this paper.
To finish the whole process of the optimization design method for the mechanism parameters and achieve a comprehensive performance for the amphibious transformable robot in the amphibious environment, it is needed to follow a procedure as shown in Fig. 1. 1) Specify the performance requirement for the robot in the environment and then the elementary mechanism.
2) Build a multi-objective model for the robot including the parameterization of the model, and establishing the constraints and sub-objective functions based on the performances in the environment.
3) Solve the multi-objective problem by the Multi-Objective Genetic Algorithm, and then get the Pareto solutions.
4) Build an evaluation mechanism and choose an optimal result and finish the development of the robot. 5) Implement experiments and finish the performance tests to satisfy the performance requirements for the robot.
The reminder of this paper is organized corresponding to the procedure for optimization design method. As shown in Fig.2 , the amphibious transformable robot, Amoeba-II, can implement the proper reconfiguration and gait adjustment according to the environment and task with high mobility and traffic-ability. Therefore, specific performance design requirements for this robot are shown as follows:
1) The robot can transform between linear and parallel configurations, as shown in Fig 2(a) .
2) Amoeba-II can get across the obstacles by the attitude adjustment of pitch angles, as shown in Fig.2 (b) .
3) In the water environment, the rear module of the robot keeps swinging rhythmically like a fish caudal which can provide the propulsion for the robot, as shown in Fig.2 (c) . Meanwhile, the robot can get the propulsion by the rotation of the tracks as a screw propeller. With the multiple-use of the modules, the multi-redundant propulsion design can insure the safe return when some module of the robot breaks down.
III.MULTI-OBJECTIVE OPTIMIZATION PROBLEM FOR AMOEBA-II

A. Model and Parameters of Amoeba-II
The model and parameters of Amoeba-II are shown in Fig.3 . Mechanism-parameters of the two drive modules are designed for the same size, which can increase the replace-ability of robot's modules, and reduce the control complexity. Similarly, the two pitch modules are designed for the same size and the robot mechanism parameters are shown in Table I . 
1) Boundary constraints
To ensure the performance of the design, it is needed to calculate the boundary of the mechanism-parameters and the estimate range of the optimal solutions. 
The mobile space of the robot may be influenced by the total length of the robot in linear configuration L w and the width B w in parallel configuration as follows:
The total mass W m should be less than the maximum design mass max m , and the mass constraint can be calculated as follows: 
where m fix is the mass of the fix part, including the mass of drive motor, control equipment and other accessories. The density r  is the material density of the shells of the robot. 
4) Attitude constraint
To achieve proper propulsion gaits in the water, floating on the water is necessary for Amoeba-II. Therefore, buoyancy F float which is provided by the total volume of the robot should be larger than the robot's own gravity G W , and then attitude constraint in the water is shown as follows:
where wa  is the density of the water, and
closed-volume ratios of driver, pitch and link modules which can be determined by actual displacement volumes of these modules.
C. Objective Function
Because of the different calculations for the mobility of Amoeba-II in amphibious environments, it is necessary to consider the functions of the different sub-goals in terrestrial environment and water environment respectively. 1) Conventional obstacle-crossing performance Without reconfiguration or changing posture, the limit height H n of the obstacles to be climbed over by the amphibious transformable robot is half the height of the robot crawler as n /2  HH. Therefore, sub-objective function for the conventional obstacle-crossing performance of Amoeba-II is shown as follows:
2) Transformable obstacle-crossing performance Amoeba-II can adjust the posture of the whole robot by adjusting the angles between the modules. Then the robot can achieve a transformable obstacle-crossing performance that is more effective than the conventional one.
The model for the robot transformable obstacle-crossing is established as shown in Fig 4. The coordinate system Oxy is established, where O is located at the contact point of the rear module with the ground, O 1 , O 2 is the center of gravity position for the front and rear drive module, O 3 is center of gravity position of the linking module, O w is the center of gravity position of the whole robot, and point A is the contact point of the robot with the edge point of the stairs. The robot needs to rotate around the point A to climb up the obstacle. Based on the mechanical analysis and geometric analysis, the limit height H ob of the obstacle can be calculated, which the robot could climb over. Then, the centroid position of the robot can be got as follows:
As shown in Fig.4 , when the robot reaches the posture that can climb over the obstacle H ob , the action line of gravity of the robot should get through the point A which is the climax of the obstacle. At the same time, the moment of the gravity G w and the moment of the support force F P are zero, which means the torques will not promote the rotation of the whole robot, and then the equation of the moment balance is shown as follows:
where F T is the supporting force on the drive module, F ST is the driving force which is calculated as 
When the robot climbs over the obstacle, the optimal angle can be obtained by the simultaneous equations (7) and (8) as sH   . Therefore, the limit height of the obstacle can be derived by the optimal angle, and the sub-objective function for transformable obstacle-crossing performance of the robot can be calculated as follows: Fig.4 Model for transformable obstacle-crossing performance 3) Gully-crossing performance As shown in Fig.5 , the limit width D max of the gully which the robot can get across is half of the total length of the robot as max (
Therefore, the sub-objective function for gully-crossing performance of the robot can be calculated as follows: When the robot climbs over obstacles and slopes, it is necessary to keep the center of mass of the whole robot in the contact area, which can ensure the stability for the robot to cross the unstructured terrain safely and smoothly. The stability is proportional to the equivalent contact area S which is larger in the parallel configuration, so the stability coefficient k t can get by
As a result, the sub-objective function for stability in the terrestrial environment can be calculated as follows:
5) Propulsive performance in water environment
The model for the propulsive performance in water environment is established as shown in Fig.6 . The function of the swing angle () t  of the rear module rotating around the axis can be calculated as follows:
Where A  is the amplitude of the swing angle, f is the frequency of the swing angle, and  is the initial angle of the swing.
For the bionics propulsion mode of Amoeba-II, the rear driving module can be simplified as a rectangular rigidity fin, and the propulsion force for the robot generated by the swinging of the rear module can be calculated as follows [11] :
Where h is height of the part of rear module in the water, and it can be calculated by the relationship between the buoyance and gravity as , K is the natural constant in the water which is K=40 generally, and ρ is the density of the fluid around the robot. The resistance force on the robot generated by the water can be calculated as follows [12] :
where U is the velocity of the water, S w is the contact area between the water and the robot which can be calculated as In the water environment, the amphibious transformable robot adopts a multi-rigid-body motion without fixed constraints. This may induce a head shaking even more seriously than the swing of the tail, which may cause failure bionic propulsion. Therefore, it is necessary to implement the stability analysis of the robot, to increase the controllability in the water movement. Therefore, k w is defined as stability coefficient in the water environment as follows [13] m is the fixed mass of the other part. The stability of the robot in the water could be promoted as increasing the stability coefficient of the biomimetic properties, which can increase the controllability of robot in the water environment. The sub-objective function of the stability in the water environment is shown as follows:
Based on the analysis of the constraints and the sub-objective functions of the performances, the multi-objective optimization model for the robot is established as follows:
sub-objective, so it is necessary to discuss the multi-objective optimization problems for the amphibious transformable robot as shown in equation (19) and it can be resolved by NSGA-II in this paper.
A. NSGA-II
As an improved algorithm of NSGA, NSGA-II adopts a fast non-dominated sorting allowance, advantages point retain sorting method, and crowded distance calculation method (Pareto optimal solution concentration of individual intensity). With better computational efficiency and stability, the optimization method has been widely used in engineering design. Based on the analysis of determination methods for the weights, the combined weight method [14] , which combines the subjective and objective methods, is adopted to complete the Pareto optimal selection, as shown in Fig.7 .
B. Pareto Optimal Selection Based On the Combined Weight Method
C. Optimization Result
Based on design requirements of amphibious transformable robot according to tasks and working environments, the upper and lower limits of design variables are determined as shown in Table II .
Meanwhile, in addition to structural optimization and size variables, it is needed to determine non-optimized structural parameters of the variables and the kinematic and kinetic parameters, as shown in Table III .
The parameters of NSGA-II are shown in Table IV . Based on the constraints, it is needed to build Penalty functions, and then integrate them with the objective functions. After that, the nonlinear programming problem becomes an unconstrained sub-problem.
Based on the policy matrix calculated by NSGA-II Pareto optimal solution, 6 weights of the sub-objectives covering the basic amphibious environment, mobility and stability can be calculated by using the combination weighting method as shown in Table V . The weight of propulsion in the water environment is the biggest, followed by the weight of transformable obstacle-crossing performance, weights of stability in water and terrestrial environments are medium, and the weight of the conventional obstacle-crossing performance is the minimum.
Pareto solutions can be sorted by TOPSIS method to select the one with the largest similarity as the optimal result. Therefore, the mobility corresponding to the performance indexes can be calculated as shown in Table VI.   TABLE II LIMITS Amoeba-II is designed by using the modular concept and the dimensions of each module are optimized as shown in Table VI . As shown in Fig.9 , the ratio between the height and width of the driver module of Amoeba-II which is designed by the optimal method is smaller than the one of the conventional mobile robot. Based on the propulsion experiments in the water environments, smaller ratio is good at providing a larger sub-surface to promote the propulsion in the water environment, so it is the result of adding the propulsion performance as a sub-objective.
In order to provide greater buoyancy for the robot by increasing the robot's closed volume ratio in the water, we add a weight box for the driver module. Pitch modules are used to fix batteries, control systems and motor drives inside. This distribution of the weight for the robot can reduce the weight of the driver modules, in order to increase the stability in the water.
The turbine and worm installed in the linking module can transport the torque generated by the DC motor to the belt drive, so the robot can transform between linear and parallel configuration. In order to complete the task successfully in the water environment, the robot adopts the separate-module sealing mode and utilizes sealed wire pipes for power supplying and communication of modules. For the output and other key movement parts, it is needed to adopt O-ring to seal them. After the testing in the water, it is shown that the robot is sealed completely without water seepage.
B. Experiments in Terrestrial Environment
1) Experiments for Transformable obstacle-crossing performance
In order to verify the transformable obstacle-crossing performance in the terrestrial environment, we have built a vertical obstruction with a height of 40cm for the robot to climb over the obstacle in the linear configuration. As shown in Fig. 10 , Amoeba-II can adjust postures to fit the terrain and the obstacles in the terrestrial environment. 2) Experiment for the gully-crossing performance As shown in Fig. 11 , in order to verify the ability of the gully-crossing of the robot, we build a gully (40cm width) with two boxes (40cm width, and 80cm height), and the robot goes across the gully in linear configuration. As a mass distribution robot, Amoeba-II can go across a gully whose width is less than half the length of the whole robot technically. However, for the linear configuration, the robot's joints between the modules are connected by motors and plates. Therefore, when the front module leaves away from the edge of the gully, the entire robot can be equivalent to a cantilever structure and the joint motors may be broken by the great torque. In order to protect the joint motors and robot connection components, the safe width of the gully should be less than the calculated values. As shown in Fig 12 , Amoeba-II can be propelled like a fish by the body's tail swing. The robot can change the propulsion attitude by adjusting the relative position between the center of gravity and center of buoyancy of the robot in the water, to achieve two kinds of propulsions as the vertical and horizontal swing, as shown in Fig 12(a) and (b) . When the swing frequency is f = 0.25 Hz, and the amplitude is θ A = 0.7π, the measured forward speed of the robot propulsion v = 0.14m / s.
For amphibious transformable robot, the experiments in the water show that the horizontal swing mode is more stable than the vertical one in propulsion performance. However, in turning performance, the horizontal swing mode is poorer than the vertical one. In this paper, we proposed and developed a new amphibious transformable robot, Amoeba-II. The robot can enhance its ability in the terrestrial environment and the propulsion performance in the water environment by the reconfiguration of the robot. Based on the dynamic analysis of the robot in the amphibious environments, the relationship between the performance indexes and the mechanism parameters has been established. By using the Multi-Objective Genetic Algorithm, NSGA-II, the multi-objective mechanism design problem has been solved, and the Pareto optimal solution set has been obtained. To get the final result for the robot design, combination weighting method has been adopted to determine the weight. Based on the optimal decision, the robot has been developed. The experiments in the amphibious environments have been implemented and verified that the mechanism-parameters design method of an amphibious transformable robot based on multi-objective genetic algorithm could help the robot to get a better combination performance in the complex environment. Meanwhile, the method could also guide the mechanism parameter design of the robot with more performance requirements.
